Introduction
Commercially important characteristics such as wood-specific gravity are known to differ with seed source. For example, when grown on a common site, the specific gravity of Arkansas loblolly pine (Pinus taeda L.) trees is greater than that of Louisiana loblolly pine, and Texas loblolly pine trees have a greater specific gravity than loblolly pines from Atlantic coast sources (Byram and Lowe 1988) . Differences in wood specific gravity among trees from different seed sources probably reflect differences in the proportions of earlywood and latewood: the more latewood, the greater the wood specific gravity (Byram and Lowe 1988) . Specific gravity is the most important physical property of wood. Most mechanical properties of wood such as strength, stiffness, yield of pulp per unit, heat transmission and heat per unit volume produced in combustion are closely correlated to specific gravity (Haygreen and Bowyer 1996) .
Tracheid cells formed early in the growing season (earlywood) differ from those formed later in the year (latewood) in their chemical composition and physical characteristics. Latewood cells have a greater density, smaller lumens, a smaller radial diameter and thicker cell walls than earlywood cells (Zimmermann and Brown 1971) . Evidence from previous studies suggests that several factors are responsible for differences between earlywood and latewood. The formation of cells with large diameters (earlywood) is highly dependent on the availability of soil water (Kozlowski et al. 1991) , whereas latewood transition is positively correlated to cessation of height growth (Jayawickrama et al. 1997) , suggesting that the development of latewood cells with thicker cell walls depends on the availability of photosynthate later in the year (Zimmermann and Brown 1971) . Early in the growing season, most of the available sugars are used for shoot and needle growth, leaving only a small amount for cell wall thickening during xylogenesis. However, later in the growing season, apical growth at the shoot tips and needles has mostly ceased, and most of the photosynthates produced by the now full-grown needles are available for cell wall thickening, producing tracheid cells with a small diameter and a thick cell wall (Zimmermann and Brown 1971) . Latewood cells can be induced by several environmental stimuli such as drought, photoperiod and temperature (Larson 1969) . Plant hormones, especially auxin, are likely also involved (Larson 1962 , Dodd and Fox 1990 , Whitmore and Zahner 1996 , Mellorowicz et al. 2001 , Uggla et al. 2001 ).
We are interested in genes preferentially expressed in latewood because latewood has more economically desirable wood properties than earlywood. Pulp yield and cohesiveness are positively correlated with α-cellulose and hemicellulose content, and pulping cost is negatively correlated to lignin content (Smook and Kocurek 1988) . Sewell et al. (2002) observed significantly higher holocellulose and lower lignin contents in Tree Physiology 25, 1063 -1073 © 2005 Seasonal variation in gene expression for loblolly pines (Pinus taeda) from different geographical regions SUK-HWAN YANG 1 and CAROL A. LOOPSTRA latewood than in earlywood of loblolly pine. In addition, microfibril angle has a significant effect on lumber strength, stiffness and dimensional stability. Latewood cells typically have a smaller microfibril angle, which is more desirable (Megraw 1985) . Thus, increasing the proportion of latewood would have a positive effect on wood density and wood specific gravity (van Buijtenen 1964 , Gilmore et al. 1966 , Byram and Lowe 1988 , Zobel and Jett 1995 , Jayawickrama et al. 1997 , Sewell et al. 2002 . The objectives of our study were: (1) to examine variation in gene expression among trees from different geographical sources when grown at a common site; and (2) to examine seasonal variation in gene expression in trees from each seed source. Accordingly, we compared transcript profiles of differentiating xylem from two loblolly pine seed sources, southern Arkansas and southern Louisiana, and from earlywood and latewood in each seed source. We used microarrays containing 2171 expressed sequence tags (ESTs) with putative functions of interest, selected from several loblolly pine xylem partial cDNA libraries and a shoot tip library.
Materials and methods

Plant materials
The Western Gulf geographic seed source study was established in the 1970s to provide insight into loblolly pine seed movement in the states of Arkansas, Louisiana, Mississippi, Oklahoma and Texas. Each seed source consisted of five open-pollinated families from parent trees selected for superior properties, such as growth, form and specific gravity, from each of the Western Gulf provenances (Byram and Lowe 1988) . For our study, differentiating xylem samples collected from trees in one of the 28 plantings of the Western Gulf seed source study, a planting near Hudson, TX, were used for analysis. Newly differentiating xylem was isolated from loblolly pines from South Arkansas and South Louisiana, the two seed sources that showed the biggest difference in wood specific gravity when grown on a common site (Byram and Lowe 1988) . Three families per seed source were selected and samples were collected from five trees per family. Differentiating xylem was collected separately in early July and October for earlywood and latewood comparisons. The same trees were sampled each time. A hole saw was used to remove the bark and phloem. The differentiating xylem was scraped from the stem and frozen in liquid nitrogen. Five-millimeter diameter increment cores were taken from bark to bark and examined under a light microscope to determine the status of earlywood and latewood development.
Microarray preparation
The microarrays used in this study were made, and kindly provided to us, by the Forest Biotechnology Group at North Carolina State University. A total of 1936 contigs with putative functions of interest were selected as well as 236 contigs without an assigned putative function ("no hits" after a BLASTX search using an E-value cutoff of 10 -5 ). (Whetten et al. 2001 , Kirst et al. 2003 . To reduce nonspecific hybridization, EST clones located near the 3′ end of each contig and larger than 200 bp were selected for amplification by PCR. The microarray preparation procedures used in this study were as previously described by Yang et al. (2004) .
Target synthesis and hybridization
Total RNAs were extracted from differentiating xylem by the method of Chang et al. (1993) . Residual DNA was removed with DNA-free (Ambion, Austin, TX) and RNA was further purified with MEGAclear (Ambion). Because of the limited number of microarray slides available, an equal amount of RNA was pooled from each sample and combined to synthesize targets. About 300 mg of ground differentiating xylem tissue from five trees from each family and growing season were combined and the RNAs purified. The RNA purifications were repeated with separate samples to produce biological replications. An equal amount of RNA was pooled from each family to generate targets for earlywood and latewood from each seed source. For first strand cDNA synthesis and labeling, the FluoroScript cDNA Labeling System (Invitrogen, Carlsbad, CA) was used following the manufacturer's instructions. The hybridization and washing procedures used in this study were as previously described by Yang et al. (2004) .
Image analysis, quantification and data analysis
After the washing steps, the slides were scanned with both channels using a ScanArray 3000 (GSI Lumonics, Billerica, MA) at 10 µm resolution. While scanning, the laser power and photo-multiplier tube setting were adjusted to approximately balance both channels. The intensities of each spot for both channels were quantified with QuantArray (GSI Lumonics). According to Lee et al. (2000) , there is inherent variability in most microarray data even after removing systematic sources of variation. Thus, it is important to have an experimental design with a sufficient number of replications to control inherent noise and to produce consistent and reliable results (Kerr and Churchill 2001a , 2001b , Lee et al. 2000 . In our study, each of the ESTs was spotted four times on the array and a loop design with a double-dye flip method was adopted, providing 32 data points for each of the ESTs for each of the comparisons. The fixed effect ANOVA model Churchill 2001a, 2001b ) was adopted to estimate the effects of various factors on each spot intensity. The normality in residual distribution for the model adopted was also examined and no significant evidence against homoscedasticity was found (data not shown). Genes with significant variation in expression were identified by a permutation F test (P value = 0.01) and multiple testing-adjustment was applied to provide tighter control of type I errors (Westfall and Young 1993, Oleksiak et al. 2002) .
Real-time quantitative RT-PCR
The overall validity of our microarray data was tested by real-time quantitative reverse transcriptase polymerase chain reaction (RT-PCR) (Heid et al. 1996) . Gene-specific primers for the selected clones were designed based on sequences from the NSF Pine EST Database (http://web.ahc.umn.edu/biodata/ nsfpine/) using Primer Express (Applied Biosystems, Foster City, CA 
Results and discussion
Genes with seasonal variation in expression in each source
The expression of 110 genes differed significantly between earlywood and latewood in trees from South Arkansas. In trees from South Louisiana, the expression of 87 genes differed significantly between earlywood and latewood. Among these genes, the expression of 53 genes was significantly different for both seed sources (gene lists are available under Supplementary Data-Tree Physiology 2005 at http://forestry.tamu. edu/people/faculty_staff/member.php?id=c-loopstra). Many genes preferentially expressed in latewood were for proteins involved in cell wall biosynthesis (Table 1) . These genes are of particular interest because, for many purposes, latewood has more desirable wood properties than earlywood (Megraw 1985 , Sewell et al. 2002 . Our array contained clones that represent six cellulose synthase contigs (contigs 7881, 7803, 7766, 6864, 5828 and 5607) . Among these, only contig 7766 was preferentially expressed in latewood for both seed sources (P = 0.01). Contig 7881 was preferentially expressed in latewood only in trees from South Arkansas. Cellulose microfibrils are synthesized on the plasma membrane by a cellulose synthase complex, which is composed of multiple cellulose synthase subunits (particle rosettes) and sucrose synthase (Delmer and Amor 1995) . Previous studies showed that transcripts for these genes are highly abundant in wood-forming tissues of both gymnosperms and angiosperms (Allona et al. 1998 , Sterky et al. 1998 , Whetten et al. 2001 ) and their expression is coordinated with late cell expansion and secondary wall formation (Hertzberg et al. 2001) . Multiple members of the cellulose synthase gene family are expressed in differentiating xylem and are regulated differentially (Allona et al. 1998 , Sterky et al. 1998 , Wu et al. 2000 , Yang et al. 2004 ). Many of them are preferentially expressed in differentiating xylem compared with other tissues (Yang et al. 2004 ). So far, we have identified 12 different sequences for cellulose synthase in loblolly pine public databases, 11 from loblolly pine xylem EST libraries (contigs 7881, 7803, 7766, 6864, 5828, 5607, 5258, 3670, 2633, 1343 and 993 in http://web.ahc.umn.edu/biodata/nsfpine/contig_ dir20/) and one from a shoot tip library (Gene Bank Accession No. AW056552). According to Whetten et al. (2001) , EST clones with more than 98% sequence similarity are sometimes placed in different contigs when PHRAP (http://www. phrap. org/) parameters used for contig assembly have a minimum mismatch of 40 and a minimum score of 80. The PHRAP parameters used for contig assembly for the xylem loblolly pine EST database (http://web.ahc.umn.edu/biodata/nsfpine/ contig_dir20/) had a minimum match of 50, a minimum score of 100 and a minimum length of 100. Thus, these different contigs for cellulose synthase could represent allelic variation or different members of the loblolly pine cellulose synthase gene family. The extent of sequence similarity among the contigs as seen here, and in a previous study in our laboratory (Yang et al. 2004) , strongly suggests that these are sequences for different members of the cellulose synthase gene family. Our array also contained clones that represent three sucrose synthase contigs (contigs 7744, 3656 and 1276). Contig 1276 was preferentially expressed in latewood compared with earlywood in trees from South Arkansas (P = 0.01). Sucrose synthase is responsible for channeling UDP-glucose into the growing cellulose in a cellulose synthase complex (Delmer and Amor 1995) .
Our array contained a total of 12 clones representing the loblolly pine tubulin multigene family. Seven clones represented the β-tubulin gene family (contigs 7995, 7966, 7830, 7162, 6405, 4803 and 4624) and five clones represented the α-tubulin gene family (contigs 8045 and 8008 from xylem cDNA libraries and Gene Bank Accession Nos. AW011596, AW042942 and AW010543 from a shoot tip library). Among the 12 tubulin genes represented, contig 7966 and clone AW011596 were expressed preferentially in latewood in trees from both seed sources. Contig 7830 and clone AW010543 were expressed preferentially in latewood only in trees from South Arkansas. Microtubules are heterodimeric polymers of the α-and β-tubulins that are encoded by multigene families in plants (Ludwig et al. 1987 , Hussey et al. 1990 , Snustad et al. 1992 . The orientation of newly deposited cellulose microfibrils is determined by cortical microtubules that are crosslinked to the cytoplasmic face of the plasma membrane, creating channels in the membrane for the directional movement of cellulose synthase complexes along the membrane during cellulose microfibril synthesis (Giddings and Staehelin 1988 , Baskin et al. 1994 , Nick 2000 . Thus, these tubulin genes could be candidate genes for S2 layer microfibril angle in the secondary cell wall of tracheid cells.
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Most genes known to be involved in lignin biosynthesis were represented on the microarray. In this study, several genes involved in lignin biosynthesis, including those coding for trans-cinnamate 4-hydroxylase (contig 8013), cinnamylalcohol dehydrogenase (contig 7123) and laccase (contig 6075) were preferentially expressed in latewood. Several genes coding for S-adenosylmethionine (adoMet) synthase that are thought to be involved in methyl transfer during cross-linking of the monolignols were preferentially expressed in latewood as well (Table 1) . Lignin is a phenolic polymer derived from irregular cross-linking of aromatic alcohol subunits (monolignols) such as p-coumaryl alcohol, coniferyl alcohol and synapyl alcohol. These monolignols are synthesized from phenylalanine by the phenylpropanoid pathway and are secreted into the apoplast where they are crosslinked and become a major reinforcing matrix of the secondary cell wall, where cellulose microfibrils are embedded (reviewed by MacKay et al. 1997) . Previous studies showed that transcripts for genes involved in the lignin biosynthetic pathway are among the most abundant transcripts in woodforming tissues (Allona et al. 1998 , Sterky et al. 1998 , Whetten et al. 2001 , Lorenz and Dean 2002 . In some cases, expression is up-regulated in compression wood compared with normal wood (Whetten et al. 2001 ) and different members of gene families are differentially regulated during wood formation (Hertzberg et al. 2001 ). Many genes involved in lignin biosynthesis are preferentially expressed in differentiating xylem compared with other tissues (Yang et al. 2004 ). The preferential expression of genes involved in lignin biosynthesis in latewood compared with earlywood in this study is puzzling 1066 YANG AND LOOPSTRA TREE PHYSIOLOGY VOLUME 25, 2005 because previous studies showed lower lignin content in latewood than earlywood (Saka and Goring 1985, Sewell et al. 2002) . Differences could be associated with properties of the samples used in this study (differentiating xylem) and samples used in previous studies (inner rings of 5-mm radial wood core). Alternatively, even if lignin content is lower in latewood relative to other cell wall components, the total amount of lignin needed may be greater because of the thicker cell walls.
Several genes encoding putative cell wall proteins were represented on the arrays. Transcripts for cell wall structural proteins such as arabinogalactan-proteins (AGPs), glycine-rich proteins and proline-rich proteins are among the most abundant transcripts in wood-forming tissues and are preferentially expressed in differentiating xylem tissue compared with other tissues (Loopstra and Sederoff 1995 , Allona et al. 1998 , Sterky et al. 1998 , Loopstra et al. 2000 , Zhang et al. 2000 , Whetten et al. 2001 , Lorenz and Dean 2002 , Yang et al. 2004 ). The AGPs are highly glycosylated proteoglycans or glycoproteins (2-10% protein by mass) that contain highly repetitive sequences and are frequently rich in proline/hydroxyproline, serine, threonine, alanine and glycine. General features of classical AGPs include a signal peptide for targeting to the endoplasmic reticulum, a hydroxyproline-rich domain and a glycosylphosphatidylinositol (GPI) anchor site for plasma membrane attachment. Six loblolly pine AGP-like genes or gene families have been identified (Loopstra et al. 2000 , Zhang et al. 2000 and are among the most abundant transcripts in differentiating xylem tissue (Sterky et al. 1998 , Whetten et al. 2001 , Lorenz and Dean 2002 (contigs 7990, 7675 and 6417) . Among these, contigs for two different ptaAGP5 genes (contigs 7829 and 2860) were preferentially expressed in latewood compared with earlywood in trees from both seed sources. One contig for ptx14A9 (contig 8004) was preferentially expressed in latewood in trees from South Arkansas. Two contigs for glycine-rich proteins were preferentially expressed in latewood compared with earlywood as well. Contig 7987 was preferentially expressed in latewood in trees from both seed sources and contig 8038 was preferentially expressed in latewood in trees from South Arkansas.
We identified two genes (NXSI_054_E11 and ST06D02) for transcription factors that could be involved in the preferential expression of genes in latewood. NXSI_054_E11 showed significant sequence similarity to Arabidopsis transcription factor Hap5a (Gene Bank Accession No. T46203), and ST06D02 showed significant sequence similarity to MADSbox protein AGL2 (Gene Bank Accession No. B39534), which is thought to be involved in Arabidopsis floral morphogenesis (Ma et al. 1991) . Both of them are expressed preferentially in latewood compared with earlywood in both seed sources. A previous study in our lab also showed that one of the genes (NXSI_054_E11) is preferentially expressed in xylem compared with megagametophytes, needles and embryos (Yang et al. 2004) . The discovery of trans-acting factors for cis-elements shared by genes preferentially expressed in latewood could be important because most of the economically important quantitative traits in pines are thought to be controlled by the collective action of multiple genes (Sewell and Neale 2000) . Trans-acting factors regulate many genes sharing the matching cis-elements simultaneously (pleiotropism). Targeting upstream components in the signal transduction pathway rather than final responsive genes for genetic modification could have a more significant effect on the final phenotype. Thus, these two genes could be key regulators of the genes that play important roles during latewood formation and could be candidate genes for important quantitative traits.
Some of the genes with no putative functions assigned ("no hits" after a BLASTX search using an E-value cutoff of 10 -5 ) also showed preferential expression in latewood. These "no hits," especially contigs with sufficient sequence size, could be genes unique to conifers, gymnosperms or wood-forming tissue.
Many stress-related genes, especially genes considered to be induced by drought stress, were preferentially expressed in earlywood compared with latewood in both seed sources (Table 2). This made data analysis difficult because up-regulation of these genes in earlywood could be a result of drought stress during the early growing season, not representative of typical differences between earlywood and latewood. Maximum temperatures in the week preceding earlywood harvest ranged from 30 to 34.4°C with 23 mm of rain in the preceding 2 weeks. Maximum temperatures in the week preceding the latewood harvest ranged from 25 to 30.6°C with 56 mm of rain in the preceding 2 weeks. However, a dehydrine belonging to a group of well-known drought-stress-induced genes was strongly preferentially expressed in latewood among trees in both seed sources. Thus, preferential expression of these stress-related genes in earlywood might not be simply due to drought stress and more complicated unknown stress-related regulation might be involved. These stress-related genes could play a significant role during earlywood formation as well.
Genes with variation in expression among trees from different geographical sources in each growing season
In latewood, 131 genes with significant variation in expression between South Arkansas and South Louisiana trees were identified. However, in earlywood, only 51 genes with variation in gene expression between the two seed sources were identified. Table 3 shows examples of genes differentially expressed be-tween the two seed sources in each growing season. Among these, the expression of 29 genes was significantly different for both earlywood and latewood (gene lists are available under Supplementary Data-Tree Physiology 2005 at http://forestry.tamu.edu/people/faculty_staff/member.php?id=c-loopst ra). The difference in the number of genes identified between earlywood and latewood implies that there might be a greater difference between South Arkansas and South Louisiana trees in latewood than in earlywood. These two seed sources showed a large difference in wood specific gravity when grown on a common site in a previous study (Byram and Lowe 1988) . Previous studies suggested that latewood would have more significant effects on wood properties such as wood density and wood specific gravity than earlywood (van Buijtenen 1964 , Gilmore et al. 1966 , Byram and Lowe 1988 , Zobel and Jett 1995 , Jayawickrama et al. 1997 .
The native range of loblolly pine spans 15 states from New Jersey to central Florida and westward to Texas (Baker and Landon 1990) . Following the withdrawal of glaciers after the climax of the Wisconsin glaciation 13,000 years ago, loblolly pines migrated northward following optimum environments (Watts 1983) . Thus, the current population structure of loblolly pine in its present range has had a long time to adapt to its environment. Loblolly pine is an out-crossing (wind-pollinated) species. Gene flow by pollen dispersal is thus extensive (DiGiovanni et al. 1996) and out-crossed progenies out-compete self-pollinated progenies (Kraus and Squillace 1964) . Breeding efforts have recently accelerated the rate of genetic change (Lambeth 1984 , Wells 1985 , Li et al. 1999 . However, the natural population of loblolly pine is highly heterozygous and still maintains much of its original variation. Several studies have shown a north to south pattern in many traits, suggesting climate-related selection pressure during the evolution of this species. In general, southern populations have smaller seeds, lower first year planting survival, faster early growth and greater resistance to fusiform rust than northern populations (Wells and Wakeley 1966 , Goggans et al. 1972 , Slunder 1980 , Wells et al. 1991 . Among various latitude-related climatic variables, precipitation, which ranges from 1170-1420 mm in South Arkansas to 1420-1725 mm in South Louisiana, is of particular interest. Latitude-related variation in several traits shows a significant correlation to the cline of decreasing precipitation with increasing latitude (Wells et al. 1991) . Byram and Lowe (1988) showed that, when grown at the same site, the average wood specific gravity of trees of provenances originating from areas of lower precipitation (South Arkansas) is greater than that of trees from provenances from areas with higher precipitation (South Louisiana).
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SEASONAL VARIATION IN PINE XYLEM GENE EXPRESSION 1069 The cis-elements in regulatory sequences are highly polymorphic (Stephens et al. 2001 ) and these naturally occurring single nucleotide polymorphisms (SNPs) can change in vivo transcription rates, causing substantial variation in gene expression between individuals in and among natural populations (Koivisto et al. 1994 , Beaty et al. 1995 , Oleksiak et al. 2002 . Oleksiak et al. (2002) suggested that variation in gene expression among individuals in and among natural populations could be an important mechanism for evolution by natural selection, especially directional selection. The results of our study also support this hypothesis of adaptation to the different environments through variation in gene expression.
Real-time quantitative RT-PCR
To test the overall validity of our microarray data, selected genes were further examined by real-time quantitative RT-PCR (Heid et al. 1996) . Unlike the microarray analyses, samples from different families in each seed source and in different growing seasons were analyzed separately using real-time RT-PCR. A paired t-test was used on ∆C T values to test seasonal variation in gene expression in each source. In general, real-time RT-PCR results agree well with our microarray data ( Table 4 ). The log ratio for each gene from the microarray analysis in Table 4 represents the degree of differential expression between earlywood and latewood for each seed source. Positive log ratio values (> 0) represent preferential expression in latewood compared with earlywood. The differences in ∆C T values between earlywood and latewood from the realtime PCR analysis also represent the degree of differential expression between earlywood and latewood for each seed source. Positive values (> 0) represent preferential expression in latewood compared with earlywood. Log ratio values from the microarray data agree relatively well with real-time RT-PCR ∆C T mean difference values (Table 4 ).
An ANOVA was used on ∆C T values for each gene selected to test variation in expression between the two seed sources and among families in each seed source in each growing season. In general, real-time RT-PCR results agree well with our microarray data for variation between the two seed sources in each growing season, even though an additional factor, different families in each seed source, was included in the analyses of the real-time RT-PCR results (Table 5 ). Significant variation in expression among families in each seed source was observed for several genes tested. The adjusted R 2 values in Table 5 represent the fitness of the nested-factorial model used for the ANOVA explaining how much of the variation in expression for each gene tested was explained by the family structure for each seed source in each growing season. Byram and Lowe (1988) showed that there is a consistent pattern of variation in specific gravity among families in each seed source and little genotype by environment effect on familyin-seed source. The variation in expression of the genes between the seed sources and among families within each seed source observed in our study also supports the findings of the previous study (Byram and Lowe 1988 
Conclusions
Wood formation is a complicated process involving tight control of gene expression by various factors. We examined the effects of two important factors, growing season and geographical source, on gene expression during xylogenesis by microarray analysis and real-time RT-PCR. We identified candidate genes worthy of further study for association with significant traits, for use in genetic modification of wood properties, or for examination of the molecular mechanisms of wood formation. 
